A novel growth process of silver nanowires was revealed by tracing the morphology evolution of Ag nanostructures fabricated by an improved polyol process. A mixture of Ag nanowires and nanoparticles was obtained with the usage of PVP-K25 (MW = 38,000). The products sampled at different reaction time were studied in detail using UV-visible absorption spectra and transmission electron microscopy (TEM). An interesting phenomenon unknown in the past was observed where Ag nanoparticles undergo an important dissolution-recrystallization process and Ag nanowires are formed at the expense of the preformed Ag nanoparticles. A plausible novel growth mechanism for the silver nanowires was proposed.
Introduction
Noble metal nanostructures have been an attractive research subject due to their unique or improved electronic, catalytic, and optical properties. Compared with the isotropic spherical nanoparticles, anisotropic nanomaterials, especially metal nanowires, have attracted intensive interest because of their great potential for practical applications in nanoscale electronics, optoelectronics, and molecular sensing devices [1] [2] [3] [4] [5] . Recently, silver nanowires are of great interest because of their high electrical and thermal conductivities properties among all metals [6] . Our recent research indicated that silver nanowires, which are assembled with graphene to form a hybrid film, can drastically improve electrical conductivity of the polycrystalline graphene films [7] .
Many approaches have been developed for the synthesis of high quality Ag nanowires with well-controlled shape and size to help research in studying their novel properties and applications. Among the synthetic approaches available, the common chemical reduction method is the capping agentmediated polyol process, in which poly(vinylpyrrolidone) (PVP) has been frequently used as a crucial reagent to control the growth rates of various facets of metal crystals [8] [9] [10] [11] . In our previous work, it was found that both the concentration ratio [PVP]/[AgNO 3 ] and chain length of PVP play important roles in synthesis of Ag nanowires by an improved polyol process [12] . By adjusting these two parameters precisely, the yields and aspect ratios of Ag nanowires could be controlled easily.
In the fabricating Ag nanowires with well-controlled dimensions and aspect ratios, it is necessary to understand the exact growth mechanism. In the past few decades, a common view is that the nanowires are grown from decahedral seed with assistance of PVP which interacted more strongly with Ag atoms on the {100} facets than those on the {111} facets. Therefore, with the presence of the PVP, the formed twinned nuclei with decahedral features can promote anisotropic growth along the fivefold axial [110] direction [10, 13] . However, with more and further experiments carried out, the exact mechanism for the formation of Ag nanowires via this solution-phase approach is still not very clear. And the lateral growth behavior of fivefold-twinned nanowires has seldom been studied before (e.g., what is the lateral growth process?). Therefore, it is necessary to further investigate the morphological evolution of the Ag nanowires.
In our present work, depending on the careful investigation on the growth process of Ag nanowires in a polyol 2 Journal of Nanomaterials process, we discovered a novel and interesting lateral growth process through surface aggregation, which to the best of our knowledge is never reported ever before. This observation is significant not only for understanding the growth mechanism of Ag nanowires but also for the synthesis of metallic wires with tunable diameters which can be used for meeting various requirements in different practical applications.
In this paper, we focus on the morphological evolution of Ag nanowires. UV-visible absorption spectrometer, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) were used to monitor the morphological evolution of the Ag nanostructures. And the possible twostep growth process for Ag nanowires was first proposed.
Experiment Section
AgNO 3 (≥99.8%, Sinopharm Chemical Reagent Co., Ltd.) and ethylene glycol (EG, Nanjing Chemical Reagent Co., Ltd.) were used in this work. PVP-K25 powder (Boai New Kaiyuan Pharmacy Co., Ltd.) with the average molecular weight (MW) of 38000 was chosen. All reagents were not purified further.
Ag nanostructures were synthesized by the improved PVP-mediated polyol process without any exotic seeds and ions. In our previous work, it has been demonstrated that the yields and aspect ratios of Ag nanowires could be controlled easily by adjusting the MW of PVP. Here, we choose PVP-K25 with average MW of 38000 as representative to synthesize Ag nanostructures. In this so-called polyol process, ethylene glycol served as both solvent and reducing agent. Firstly, 0.204 g of AgNO 3 and 0.1332 g PVP were, respectively, solved in a 5 mL EG solvent. Then these two reactive solutions were simultaneously injected dropwise into 20 mL EG solvent which was magnetically stirred at 150 ∘ C in a round-bottom flask. The injection process lasted about 3 min. Magnetic stirring was applied throughout the entire synthesis. The molar ratio between the repeating unit of PVP and AgNO 3 was fixed at = 1.
The reactant mixture changes quickly from colorless to yellow after the addition of a few drops of PVP and AgNO 3 solutions. The mixture turned from yellow to slightly opaque after ∼30 min and finally formed slightly green colloids after ∼65 min. For characterization, the mixture was sampled at different times and was then centrifuged repeatedly to remove possible contamination (EG and excess PVP).
For field-emission scanning electron microscopic (FE-SEM; Sirion 200, FEI, Holland) and X-ray diffraction (XRD; Ultima-III; Rigaku, Tokyo, Japan) measurements, the condensed products were dispersed on the copper sheets and glass substrates, respectively. For transmission electron microscopy (TEM; JEM-2000EX; JEOL) and high-resolution (HR) TEM (Tecnai G2 F20, FEI) observations, the products were diluted with deionized water (∼ ×30) and a few drops of dispersions were placed onto the carbon-coated copper grids and dried at room temperature. Optical absorption spectra for the diluted samples were recorded on a UV-vis-NIR spectrophotometer (U-3410, Hitachi). Fourier Transform Infrared (FT-IR) spectra were obtained on a Bruker Vector 22 FT-IR spectrophotometer by using KBr pellets. Figure 1 presents the XRD patterns and corresponding FE-SEM results of the final products. It can be seen that the Ag nanowires ( = 3um, = 100 nm, and = / = 30) and a lot of irregular particles appear in the products (inserted in Figure 1 ). The XRD patterns indicate that Ag nanostructures synthesized using this solution-phase method are purely in the face-centre cube (fcc) phase. The lattice constant calculated from this XRD pattern was 4.092, which is perfectly in agreement with the literature value of 4.086. We can also analyze the preferential orientation of crystals based on diffraction intensity of the XRD pattern. The ratio of intensity between the (111) and (200) peaks exhibits a relatively high value indicating the enrichment of the (111) crystalline planes in the as-synthesized Ag nanowires.
Results and Discussion
Theoretical calculations [14, 15] and experiments [16] [17] [18] demonstrate that the optical properties of metal nanoparticles depend on their shape, size, and composition. For example, the intensity and position of surface plasma resonance (SPR) of the Ag nanoparticles have a strong correlation with their exact morphology and the aspect ratio [19] . Recently, we calculated the optical resonances of Ag nanorods with fivefold-twinned structure based on the finite difference time domain (FDTD) solution; the results show that the weak longitudinal absorption peak of Ag nanorods located in near infrared radiation (NIR) and there are strong absorption peaks at about 350 and 390 nm, when the aspect ratio is larger than 3 (see Figure 2 ). Since Ag nanostructures with different shapes and sizes exhibit different SPR bands at different frequencies, the morphological evolution of the samples was tracked by UV-vis-NIR spectrum measurements at various reaction times. In order to ensure in situ measurement, products were all measured after sampling at once and put into ice-cream water to prevent further increase of TEM measurement. from colorless to yellow after the addition of a few drops of PVP and AgNO 3 solutions and a weak plasmon peak at ∼406 nm (curve A of Figure 3 (a)) appears immediately, indicating the formation of Ag colloids with nanometresized dimensions and at a relatively low concentration. The mixtures turned from yellow to slightly opaque after ∼30 min, and the peak mentioned above shifted to ∼430 nm, indicating an increase in size for Ag nanoparticles (curve G of Figure 3(a) ). After ∼65 min slightly green colloids formed. As for the final products, there are three absorption bands (∼355 nm, ∼393 nm, and ∼440 nm) in the spectrum. From the measured optical absorption spectra and the FDTD simulations, it is also suggested that the final product should be a mixture of Ag nanowires and nanoparticles (curve N of Figure 3(b) ). The corresponding spectra of the final products are in agreement with the SEM results (see inset in Figure 1 ). In the optical spectra, as the reaction proceeded to 32 min, a new absorption shoulder appears at ∼600 nm (curve H of Figure 3(b) ). This absorption implies the formation of Ag nanorods with small aspect ratios, whose longitudinal plasmon resonance could contribute to the appearance of absorption at long wavelengths. As the Ag nanorods grew with time, the transverse plasmon mode of nanowires (at about 380 nm) was observed at = 37 min, while the longitudinal plasmon resonance essentially disappeared (curve I of Figure 3(b) ). During this period (30-39 min), the peak positioned at ∼425 nm broadened and shifted to ∼450 nm (curves G-J of Figure 3(b) ), indicating an increase in size of Ag nanoparticles. As the reaction proceeded from 39 to 50 min (curves J-L of Figure 3(b) ), two plasmon peaks at 380 and 350 nm were further increased in intensity, while the plasmon resonance of Ag nanoparticles at ∼448 nm decreased quickly, indicating the decrease (in size and number) of Ag nanoparticles. It is worth noting that, during a very short period from 50 to 55 min, a red shift from ∼380 nm to 393 nm (curves L-M of Figure 3(b) ) of the Ag nanowires implies that the diameter of the Ag nanowires becomes larger. At the same time, the absorption of Ag nanoparticles at ∼440 nm appeared again (accompanied with absorption of Ag nanowires). Therefore, the optical spectra indicated that the final product synthesized with the usage of PVP-K25 was a mixture of Ag nanowires and nanoparticles.
For direct observation of the morphological evolution of Ag nanostructures, TEM was also used to characterize the samples at different stages. And the changes in these images correlate well with the optical features (Figures 3(a)  and 3(b) ). Figures 4(a)-4(g) give typical TEM images of the products at 30, 32, 39, 45, 50, 55, and 65 min after the addition of PVP and AgNO 3 solutions. The images clearly present the growth process of Ag nanostructures. In the period from 30 min to 39 min, it can be seen that the length of Ag nanowires increased from ∼100 nm to several microns. However, the average diameter of the Ag nanowires was about 30 nm without obvious change during this course of the observation. In the same period, the size of Ag nanoparticle was increased from 30 nm to about 60 nm (see Figures  4(a)-4(c) ). When the reaction proceeded to 45 min, many nanoparticles attached to the Ag nanowires like sugar-coated haws, and some of them dissolved into smaller particles (surface of the particles is rough), as shown in Figure 4 (d). After another five minutes, there were no monodisperse Ag nanoparticles and almost all nanoparticles assembled together with Ag nanowires uniformly (as seen in Figures  4(e1) and 4(e2) ). By observation of the right magnified images (Figure 4(e2) ), these nanoparticles attached on the Ag nanowires have been dissolved to smaller nanoparticles. This result is in accordance with the UV-vis-NIR spectrum measurements at the same time (curve L in Figure 3(b) ), which indicated that the plasmon resonance of nanoparticles at ∼448 nm decreased quickly. The SEM result also indicated that most of the Ag nanowires were decorated with nanoparticles and the side surfaces became rough with attachment of the dissolved nanoparticles (see SEM result in Figure 5 ). The energy dispersive spectroscopy (EDS) with Cu slide as a substrate confirmed the chemical composition of these nanoparticles attached on the Ag nanowires was only silver element (as seen in Figure 5 ). Subsequently, during the period from 50 min to 65 min, Ag nanowires with lager average diameter (∼100 nm) and irregular particles appeared in the solution (see Figures 4(f) and 4(g) ). The average length of Ag nanowires was about several microns and remained almost unchanged after about 40 min, noting that there were lots of very small nanoparticles attached on the surface of the Ag nanowires (see the magnified images of Figures 4(f) and 4(g)).
According to the above observations, it is proposed that the formed Ag nanoparticles after ∼40 min underwent the following three processes: assembly, oriented by Ag nanowires, dissolution, and recrystallization. It is worth noting that this is recrystallization rather than an aggregation process. On the basis of the selected-area electron diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM) studies, the as-synthesized Ag nanowires showed high crystallinity. Figure 6 shows the TEM image of final products after centrifugation. Inset 1 gives the magnified images of the end of one Ag nanowire (arrowed in Figure 6 ). Insets 2 and 3 show the SAED and HRTEM of 
Crystal Growth Mechanism
Now we present our understanding of the formation mechanism of the Ag nanowires.
For the process of longitudinal growth of Ag nanorods, it is usually believed that the regular decahedron seeds could be "elongated" to pentagonal wires/rods based on two possible growth mechanisms. One is strain-restriction mechanism [23, 24] . The defect energy that exists along the (111) twinning planes between five crystal units limits the lateral growth as it would significantly increase the faulty area and hence the energy in the system. In contrast, the growth along the longitudinal axis of rod causes a relatively smaller increment of the faulty area and this growth is favored. However, this strain-restriction mechanism is not sufficient to induce this anisotropic growth. For example, Zhang et al. proposed that the reentrant grooves should release the internal strain effectively [25] . Another explanation proposed that PVP interacted more strongly with Ag atoms on the 200 facets than those on the {1 1 1} facets [10] , which obviously slows (or prevents) the growth on the (111) plane and promotes a highly anisotropic crystal growth along the longitudinal axis. However, there is a question that the regular decahedral seeds have no (200) facets for the adsorption of surface-capping agents. So, the actual mechanism of the elongation process is still under debate.
For our cases, the TEM observations and optical spectra provide new information for the growth mechanism of 1D Ag nanostructures. According to the obtained results, we proposed that there are two major steps in the growth process of Ag nanowires. The first step is the growth along the longitudinal axis due to the role of PVP. The second novel step is the growth along the lateral axis, during which an interesting phenomenon unknown in the past was observed where Ag nanoparticles undergo an assembly, dissolution, and recrystallization process. A proposed schematic illustration for the growth process of Ag nanowires is shown in Figure 7 .
At the first step of synthesis process, PVP plays a very important role. We know that PVP has the structure of polyvinyl skeleton with strong polar group (pyrrolidone ring) and has an affinity toward many chemicals to form coordinative compounds. The polar groups, such as the >C=O groups of PVP chain, can interact with metal ions and form coordinating complex [26] . In our previous work [27] , Fourier Transform Infrared spectra of PVP and PVPAgNO 3 film were measured. And a shift in frequency of the C=O in pyrrolidone ring indicates an interaction between the AgNO 3 molecules and the PVP chains. So, we propose that the coordination compound of Ag + and the PVP should be formed accompanying those free Ag + at the initial stage (like Figure 7(a) ). These reactions would create a state in which Ag + ions can be reduced to Ag 0 to form extremely fine Ag embryos with 1D structure. At the same time, the Ag + ions are reduced to Ag and then nucleate or grow on the Ag embryos rapidly (like Figure 7(b) ) due to the following reactions at high temperatures:
Journal of Nanomaterials Energy (keV) PVP has another important role acting as a growthdirecting reagent and the growth rates of crystal are often controlled (kinetically rather than thermodynamically) by the sticking probability on a given face [28] . In the study of the growth mechanism of anisotropic Ag nanostructures fabricated by the polyol process, it is verified that PVP interacted more strongly with Ag atoms on the {100} facets than those on the {1 1 1} facets [10] , which obviously slows (or prevents) the growth on the (111) plane and promotes a highly anisotropic crystal growth along the longitudinal axis. Therefore, with the presence of the growth-directing reagent of PVP, the formed Ag nanowires can promote preferential growth along the longitudinal axis and the length would be enlarged (like Figure 7(c) ). At the same time, the Ag nanoparticles will be formed due to nucleation and the attachment of the free Ag atoms. Thus the PVP-Ag coordination complex compound would promote the formation of Ag nanowires in hot EG solution. Figures 7(a)-7(c) demonstrate the process of coordination, nucleation, and growth (grow longer or larger for Ag nanowires and nanoparticles, resp.), which corresponds to the period of 0∼40 min.
The subsequent process is the lateral growth of Ag nanowires. The lateral growth behavior of fivefold-twinned Ag nanowires is an interesting phenomenon. To the best of our knowledge, this phenomenon was never reported in the past. In the previous literatures, it is generally considered that the lateral growth was always restricted for the strainrestriction and the growth-directing mechanism of PVP. However, in our experiment, the lateral sizes become lager during a very short period (about 15 min). According to the TEM observation during the time from 39 min to 55 min, it is suggested that the Ag nanoparticles formed in the first step undergo an important assembly, dissolution, and recrystallization process and act as fuel for the lateral growth of nanowires. In general, crystal growth is always both thermodynamically and kinetically controlled. It is proposed that the nanoparticles would be assembled near the as-formed nanowires (like Figure 7(d) ) due to the continuous collision with the Ag nanowires in the hot reaction system. And then many Ag nanoparticles begin to dissolve (like Figure 7(e) ) and act as fuel for the lateral growth of Ag nanowires in order to attain a lower energy state (thermodynamically favored), which is similar to the process of Ostwald Ripening (like Figure 7(f) ). There are some nanoparticles in the final products probably because of the secondary nucleation and growth by the reduction of excess Ag + .
Conclusion
In summary, Ag nanowires and nanoparticles were synthesized with the usage of PVP-K25 by an improved polyol process. According to the investigations in detail through the UV-visible absorption spectra and TEM, an interesting phenomenon unknown in the past was observed where Ag nanoparticles undergo an important dissolutionrecrystallization process and act as source for the lateral growth of nanowires. And two possible steps of growth process for Ag nanowires were first proposed. One is the growth along longitudinal axis through the coordination and direction of PVP which is kinetically controlled. The second novel step is the growth along the lateral axis at the expense of the Ag nanoparticles, which is thermodynamically controlled. Although the exact reason why the Ag nanoparticles assembled near the nanowires is not very clear, this work represents a significant step to gain a better understanding for the anisotropic growth of noble nanostructures and provides a method for the synthesis of metallic wires with tunable diameters which can be used for meeting various requirements in different practical applications.
